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A MORPHOGEN IS A MOLECULAR signal able to propagate in the embryo, form a graded concentration distribution, and hence act on cells in a space-dependent way. Once a purely theoretical concept, 1 ᎐ 3 morphogens have now become the object of empirical research, as good candidates are emerging from experiments in the molecular biology of development. As a result, our theoretical views themselves have been considerably altered; the aim here is to summarise the theoretical issues raised within this renewed framework, concerning both the establishment of gradients and their interpretation by cells. 4 ᎐ 8 For each problem, the overall possibilities are first discussed, and then one proposed molecular mechanism is analyzed in detail, which serves to illustrate the general principles at work. In conclusion, the emerging common features are stressed. 
Morphogen propagation and gradient formation
From a molecular standpoint, morphogen propagation may take place independently of any direct cell action, either by sheer diffusion or by interaction with the substrate, e.g. the extracellular matrix; or it may be effected in part at least by cells themselves, through mechanisms that may or may not be distinct from those which transduce the effects of the morphogen intracellularly. Since Crick's theoretical work, it has been recognized that straightforward diffusion of a molecular species away from its source might be a good mechanism for setting up a morphogen distribution decaying smoothly with distance. 9 Crick's paper, however, did not consider the question of morphogen receptors: these are indispensable if the morphogen is to have biological effects. Recent computer simulations 7 show that the influence of receptors on diffusion is dramatic: in general, receptors close to the source may be expected to bind morphogen, and render it unable to propagate further before they are saturated. What will be observed therefore is a flat distribution of activated receptor near the source, and a Ž . sharp fall-off propagation front at a distance which increases with time.
There are only few escapes from this trapping effect, and they are not very plausible. For instance, trapping occurs even if the morphogen is abundant enough to titrate the receptor or, equivalently, if the receptor is of low affinity: diffusion will then generate a smooth morphogen gradient, but the morphogen effects, depending on receptor occupancy, will be constant over a limited but growing region close to the source, and nil further away.
Two possibilities would seem to exist nevertheless for salvaging the diffusion-established gradient. The first is that the receptor has a low kinetic binding Ž constant k for the morphogen due, e.g. to steric bind . effects . This does not mean that the receptor has low affinity: the affinity is A y1 s k rk and a sufbind unbind ficiently low unbinding coefficient k may still unbind ensure high affinity. However, affinity describes equilibrium binding; the point is that, with low k , even bind a high degree of equilibrium binding will be achieved very slowly. Then, only a small fraction of morphogen will at first be retained by receptor, with the rest free to diffuse away: a smooth gradient of morphogen, and more to the point, a gradient of activated receptor will form. 7 This is achieved at the price of positing the existence of receptors that would have evolved expressly with a very small k , receptors which do bind Ž not reach equilibrium with their ligand in the typi-. cally few hours needed for morphogenesis.
The foregoing reasoning assumes that the morphogen source is continually operating. The second way to establish a gradient by diffusion is in fact to use a pulsed source. If the source is turned off while receptors close to it are still unsaturated, or barely saturated, the morphogen will undergo ordinary dif-Ž fusion and a smooth gradient will be set up Kersz-. berg, 1998, unpublished results .
If one gives up the gradient idea altogether, then a way in which diffusion could operate is to assume that cells are endowed with a mechanism to assess the Ž time it takes for the diffusing morphogen signal i.e.
. the propagation front to reach them. For example a reaction might start more or less synchronously and proceed in all cells, to be interrupted only by the arrival of the front: the amount of accumulated reaction product would then provide positional information. While this is not implausible, the molecules that would be involved have yet to be discovered; on the other hand, 90-min oscillations in the m-RNA levels of hairy have been observed during somitogenesis 10 Ž 3,11 . as predicted theoretically and this period is on the order of magnitude that would be required here for time measurement.
There remains, of course, the possibility that morphogens are not transported, and do not act at a distance, i.e. that they are in fact not morphogens. For instance, a 'cascade of relays' mechanism has been proposed to explain some experimental data which seemed to indicate that activin does not propagate in the systems where it exerts its effects. 12 The evidence that activin does not propagate is, however, controversial; 13 and no data supporting the hypothetical, complicated mechanism of successive 'relay' messengers has been presented. On the other hand, a morphogen may be active even if unable to propagate directly: this seems to be the case of BMP-4, which acts in a graded fashion during neurogenesis but does so because, while present more or less homogeneously over the morphogenetic field, it is inhibited in a spatially modulated way by chordin and Ž . 14 noggin see Dale and Wardle, this issue . In this case one might be tempted to say that the latter two molecules are the true propagating morphogens, whilst BMP-4 is just the vanguard of the transducing cascade.
A detailed molecular model of receptor-aided transport
On the whole, simple diffusion thus appears problematic, even if we want to ignore the difficulties posed by the presence of the extracellular matrix or physio-Ž logical fluid flows. It is important to realise that these arguments absolutely do not preclude the readout of a morphogen concentration or gradient by cellular receptors, once the gradient is establishedᎏ . see later . In view of these difficulties, an alternative morphogen transport mechanism has been proposed 7 
Ž .
recently. The basic ideas are: 1 that cells have at their disposal, so to speak, many molecular mechanisms by which they can expedite morphogen Ž . transport; and that 2 combinatorial use of the great variety of receptor molecules present on the cell membrane may be at the heart of many such mechanisms.
Thus, consider the receptors for the putative morphogen activin, which operates, e.g. in Xenopus embryos. These receptors belong to the TGF-␤ receptor family and come in several subtypes. Oligomerisation Ž . is needed for their activity see Figure 1 . Clearly, different receptor oligomers may have different affinities for the ligand, and play different roles in the morphogen transport and signalling cascades, and this opens the way to active transport mechanisms. For example, on Figure 1 , it is assumed that ligand capture is effected by a homodimer of one receptor Ž . 15, 16 type R ␤-II , as is in fact observed. Signalling, Ž . however, requires that a type I R ␤-I homodimer join this complex; the key assumption is that the resulting tetramer has a relatively high morphogen unbinding constant, and therefore releases its ligand for further diffusion. The receptors hence form a cooperative 'bucket-brigade' that passes morphogen along a cell membrane and then from cell to cell Ž . Figure 1 .
Computer simulations indicate that, in such a scheme, signalling could be performed in essentially equivalent ways by either ligand-activated dimer, or Ž . tive transport of activin by cell membrane receptors. a The posited sequence of events during transport along a cell membrane. Dimers of the R ␤-II receptor subtype cap-Ž . ture activin black square ; R ␤-I dimers then join the complex. The resulting tetramer quickly releases the activin, which is free to diffuse further. Here I assume that intracellular signalling is effected by the tetramers; it could Ž . also be due to the liganded R ␤-II dimers. b Active transport between cells: R ␤-II dimers may exchange activin molecules, thereby helping intercellular transport.
by the ligand-free tetramers. Evidence from activin propagation in Xenopus preparations 17 are at present entirely compatible with this model; in particular, the model predicted correctly that only a small fraction of receptors would be occupied by activin, since most of the receptor ends up quickly in the tetrameric, ligand-free state. Of course a variety of different membrane kinetic mechanisms can be envisioned; and indeed, some recent data seem to favor 'active' propagation of this general type in other systems. Thus, it has been demonstrated that propagation of the hedgehog signal, which functions in morphogenesis of both Vertebrates and Invertebrates, is made possible by the action of tout-velu, 18 
Morphogen effects on cells
Ultimately, varying morphogen levels must generate differentiated gene transcription patterns. The transcription machinery could be driven either by the concentration of morphogen, or by the space-depen-Ž dent gradient i.e. variations in space, which is much subtler, but is apparently performed by individual 20 . Dictyostelium discoideum cells ; and this might be achieved by each cell on its own, or with the help of Ž signals from neighbouring cells as some evidence 21, 22 . suggests . In addition, if cells or cell groups sense the graded distribution directly, they may use the reading to acquire polarity; it seems that the Wg-Dfz2 pathway might function in this way. 23 On the other hand, if cells sense morphogen level only, polarization onset must be a secondary process.
Theory suggests that, in general, the interpretation of concentration gradients should be most readily and precisely performed by mechanisms involving cooperativity andror autocatalytic interactions among transcription factors or receptors. Cooperativity leads to sharp reading of the gradient, i.e. to transcriptional modulation at well defined threshold values of the morphogen concentration. Cooperativity also opens the possibility of joint control of transcription by several pathways. Autocatalysis, on the other hand, allows for the transcription of some genes to remain turned on in a self-sustained way, even after the morphogen has decayed or has been washed awayᎏas should be the case when cell fates are established.
The pathways mediating cooperative and autocatalytic interactions are likely to involve, in various systems, different but sizable subsets of the cell machinery. Theoretical work must, ultimately, deal with this complexity; the classical models of gradient reading 3, 24 are indeed being adapted to the flood of new molecular data concerning morphogen transduction pathways. I shall limit myself here to the cell-autonomous transcription level. This is the province of tran-Ž . scription factors TF , which come in families characterised by their DNA binding sites, and by their protein᎐protein interaction sites. That TFs usually act as multimers stems from the nature of the short DNA stretches that their DNA binding sites recognise: these are particular nucleotide sequences in the genes' promoters, known as responsive elements. Responsive elements are often multiple or even repetitive. Cooperative binding and multimerisation is thus a recurrent theme in transcription control. The best characterised examples in a morphogenetic context are certainly those of the responsive elements in Drosophila syncytial blastoderm controlling segmentation genes such as Hunchback or Kruppel in delightfully precise and complex ways; 5, 25 and, in cellularised Drosophila, the buildup of dorso-ventral polarity by the Dorsal gradient. 26 I now describe at some length the response of cells Ž . to graded levels of retinoic acid RA . I choose this example because RA transduction has been studied in remarkable detail and analyzed theoretically; 6 it is relatively simple, involving as it does transduction by direct interaction with nuclear receptors, while at the same time it conveys nicely the rich possibilities of molecular models. 4, 5, 8 The morphogenetic roles played by RA in limb bud regeneration 27 and in neural identity specification 28 are now firmly established. Retinoic acid and its DNA responsive elements also have a fundamental functional role in restricting expression of the Hoxb1 gene to rhombomere 4 of the hindbrain.
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A detailed model of multilevel gradient reading Ž . Detailed references on retinoic acid RA appear in Kerszberg. 6 RA has two known biologically active upstream binds DNA and is liganded: base-level production of RAR will therefore elicit production of more RAR in the presence of retinoic acid, i.e. positive feedback Ž . autocatalysis can take place. In addition, the excess RAR will change the proportions of RXR᎐RXR and RAR᎐RXR dimers on the DR . Similar combinatorial phenomena 1 among transcription factors have now been modeled in a variety of situations. 4, 5, 8 forms, all-trans and 9-cis. The effects of RA are mediated by the members of the RAR and RXR receptor families, which belong to the nuclear receptor superfamily; the all-trans form of RA is a potent activator of RAR but a weak activator of RXR; while the 9-cis isomer binds and activates receptors of both groups. The RARs and RXRs bind to responsive elements Ž . Ž . RAREs containing two or more degenerate copies of the consensus motif AGGTCA. Most responsive sites consist in direct repeats DR of two 'half sites' n separated by n base pairs. Correspondingly, the receptors are thought to act as dimers. Ligand binding to the receptors is cross-regulated: the affinity of each monomer for the ligand varies according to the occupancy of both of the promoter half-sites, and this in turn determines the receptors' effectiveness in con-Ž . trolling transcription Figure 2 . Most significantly from the point of view of morphogenesis, a RARE of type DR has been found in the gene for one of the 5 RAR receptors. This positive feedback loop is indirect, since it does not involve control by RA of its own synthesis, but that of its RAR receptor. In fact, while RAR transcription appears to vary from tissue-to-tissue, expression of the RXR receptors seems much more uniform in the embryo.
The dynamics of this system has been solved on a digital computer. The configuration of responsive elements shown on Figure 2 leads to reading the gradient at two levels, thereby turning on the expression of a reporter gene in a precisely located stripe Ž . succession of events is therefore as follows. A band of Ž transcriptional activity starts from the high-RA ante-. rior end of the gradient when liganding reaches a threshold level there. The band expands posteriorly as liganding continues to increase. At the leading Ž . posterior edge of the stripe RXR homodimer is starting to act; but a trailing edge forms, where it is being displaced by the heterodimer, as a second threshold is attained and DR starts inducing high 5 levels of RAR expression, heterodimer formation, and reporter gene shutdown. The stripe finally reaches a location where it stabilises. The mechanism is exquisitely precise: Figure 3 illustrates this.
Establishing accurately the one cell-wide band of transcriptional activity shown on Figure 3 amounts to reading morphogen concentration differences to within 5%. It must be emphasised that, in the above model, all cells are at all times completely autonomous, while subject to independent random fluctuations in transcription rates: thus all cells transcribing the reporter gene do so through an independent decision; yet they are well aligned. The positions of the transcriptional boundaries depend in a rather weak way on the parameter values; and it has been shown recently 8 how the Notch᎐Delta lateral inhibition pathway 30 can further stabilise or enhance such astounding precision.
Perspectives
Positional information is imparted to cells through an interplay of tightly integrated pathways which guarantees reliability and stability. The emerging view is that both morphogen transport and morphogen signal transduction are achieved by cells through the combinatorial use of various members of their available receptor and transcription factor repertoires. In the case of retinoic acid signal transduction, for in-Ž . stance, two receptor isotypes RAR and RXR share a Ž single ligandᎏa first regulation through fixed sup-. Ž . ply ; then synthesis of one subunit RAR is increased autocatalytically as a result of its own liganding, while Ž . synthesis of the other RXR is constitutive, hence stableᎏa regulation phenomenon, such that a strong and therefore dependable autocatalytic component of the RAR loop may actually lead to RAR oversynthesis without causing destabilisation. Transcription of a reporter, or 'differentiation' gene is activated and inhibited depending on the formation frequency of two types of dimers, RAR᎐RXR and RXR᎐RXR, Ž . which share however, a common member RXR : this ensures that some at least of the fluctuations in both activation and inhibition will parallel one another, and therefore cancel out to some extent. Experimental and theoretical analyses are only beginning to unravel the myriad possibilities that such intertwining opens up.
